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ABSTRACT

Several conditions of welds in all-beta Ti-13V-llCr-3A1
alloy were examined for fracture toughness properties. Similar
tests were run on age-strengthened base metal and on annealed
welds in samples from another source representing Ti-6A1-4V and
Ti-13V-llCr-3A1 titanium alloys. The results were included in
a summary review of fracture toughness in base metal and in
welds of both alloys. At a yield strength to density ratio of
approximately one million inches, there appeared to be no
serious fracture toughness problems with Ti-6AI-4V alloy. Under
similar conditions, the all-beta base metal (Ti-13V-llCr-3A1)
had somewhat less than optimum fracture toughness so that a
construction practice practically eliminating flaws in finished
cases would be required. In the all-beta welds, some practices
appeared to give satisfactory to .... :,ss.
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FOREWORD

The test was performed under NWL Project No. F11 "Fracture
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INTRODUCTION

Company A, a titanium manufacturer, supplied welded panels

of all-beta alloy, Ti-13V-llCr-3AI, in three different sequences
of welding and heat treatment. The samples covered: (I) welding

followed by aging to high strength, (2) welds in the low-strength

solution treated condition without further heat treatment,
(3) welds in sheets age-strengthened prior to welding but with

no subsequent heat treatment.

Company F, another titanium manufacturer, furnished unwelded

samples of Ti-6AI-4V and Ti-13V-llCr-3A1 alloys heat treated to
high strength levels. This manufacturer also supplied welded
samples of each alloy in the annealed condition without further
heat treatment.

These two series of tests complete an initial stage of
sampling titanium alloys and fabricating and welding practices.
The samples were obtained from four producers of titanium metal
and two fabricators of experimental titanium rocket chambers in
the period of about 1960. A general summary is given of the

work on the fracture toughness of titanium for rocket motor
cases.

DESCRIPTION OF MATERIAL AND PROCEDURE

Company A Samples. These were made from the all-beta alloy
(Ti-13V-llCr-3A1). Two panels each of three conditions of

welding and heat treatment were received (Figure 1). The notch
locations were chosen to minimize any possible effects of a mild
weld porosity which was judged to be within specification limits.

Etched cross sections of the welds after 1 test fracture
are shown in Figures 2, 3 and 4. All welds were single pass and
the melt grain size was about average. A dendritic structure
pattern was brought out only in the case of aging after welding
(Figure 2).

The hardness of weld cross sections in Figures 5 and 6
could be related to heat treatment based on approximate values
of 300 DPH for annealed and 400 DPH for aged conditions. In
panels 1 and 3 both weld and base metal had the aged hardness.
Corresponding zones in panels 2 and 4 were in the soft annealed
condition. In panels 6 and 7 (Figure 6, B and C), the base
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metal had been aged before welding and the weld was in the
annealed condition. Hardness patterns across the welds in
panels 6 and 7 were used to estimate probable yield strengths
at weld edge and weld center for V calculations.

Company F Samples. Unwelded samples of high-strength base
metal and welded samples of alpha-beta Ti-6A1-4V alloy and of
all-beta Ti-13V-llCr-3A1 alloy were tested. The 2 specimen
layouts are shown in Figure 7. Microstructures of the high-
strength (solution-treated and aged) condition of the alloys are
represented in Figure 8.

Weld macrostructures of the alloys in the as-welded
(annealed) condition are illustrated in Figure 9. The weld
grain size was large in Ti-6AI-4V metal but this is known to
have little effect on fracture toughness of welds in this alloy.
The Ti-13V-IlCr-3AI weld had a moderately fine grain structure.
The weld hardness patterns (Figure 10) confirmed the expected
annealed conditions of weld and base metal in both alloys.

Procedure. Fracture toughness was determined with the
Irwin-Kies design of center-notched strip specimen, 3 inches
wide by 12 inches long. With this specimen an estimate can be
made of the stress intensity factor K c* for fast crack propaga-
tion under strdss and a critical driving force 4 Nc for initia-
tion of slow crack growth from small flaws. More details on
the to tests are given in Appendix B.

The center slot I inch long was tipped with sharp machined
notches of 0.001 inch root radius. Recent trends in fracture
testing of high-strength sheet materials (reference (b)) indicate
that fatigue cracks should be used to tip the center slot in
some materials and future tests will incorporate the fatigue
notch. Present indications are that the fatigue-crack practice
would result in some decrease of Vr values but with no major
change in the relative fracture ratings of these titanium alloys.

RESULTS AND DISCUSSION

Information. The yield strength at point of fast fracture
enters into calculation of fracture toughness properties. The
small volume of metal in welds makes localized yield strength
measurement difficult so the practice for V calculations is
to use the yield strength of the adjacent base metal. Weld
and adjoining base metal usually are about in the same condition

2



NWL AtPORT NO. 1798

so that a satisfactory estimate can be obtained. However, in

the present tests, panels 6 and 7 from Company A represented
annealed welds in aged base metal which would exhibit consider-

able variation in the yield strength property. A practical
solution was to estimate probable yield strengths from weld
hardness patterns based on known relations between yield strength
and hardness. Weld centers were assumed to be in the annealed
condition and the weld edge properties were taken to be midway
between annealed and aged yield strengths. Table 1 gives frac-
ture toughness values recalculated from the adjusted yield
strengths. Although the adjustment made little change in AC,*

and Kc*, the beta ratio values for estimating critical crack

tolerance were affected substantially. Charts (Figures 11
and 17) and discussion of panel 6 and 7 tests were based on the
adjusted values from Table 1.

Results on Ti-13V-IlCr-3AI Samples from Company A. The crit-
ical fracture stress intensities (Kc*) for crack propagation were

plotted in Figure 11. When welding was the final operation so
that a soft annealed metal (about 130,000 psi yield strength) was
obtained in the joint, fracture toughness properties within the
weld zone were practically independent of whether the base metal
had been in a soft solution-treated or in an age-strengthened
condition. If the panel was given a final aging treatment after
welding (panels I and 3), poor fracture toughness properties were
obtained. The latter tests represented an experimental treatment
since aged welds of this alloy ordinarily are not used.

Internal flaws appear to grow slowly to a crack length of
about 2t (twice the sheet thickness) before fast propagation
occurs so that sufficient toughness to contain a 2t crack
length is desirable. In order to meet the critical crack
length tolerance of 2t for axial stress across a girth weld, a
ratio of 0.9 would be required for beta value by the Irwin

(KC*)
2

formula, -2 Beta is proportional to the ratio of
t cys2

plastic zone size at the crack tip to sheet thickness (refer-
ence (c)). The aged welds were unsatisfactory, with betas of
only 0.3 in the center (Table 4, specimens 1 and 3). The
centers of unaged welds had satisfactory average beta values
ranging from 1.0 to 2.8 (Table 4, specimens 2 and 4; Table I,
specimens 6 and 7).

3
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Values of the driving force, ZNO for initiation of slow

crack growth from a machined notch of 0.001 inch root radius were
obtained by an acoustic method (reference (d)) and are reported
in Table 4. There was considerable scatter in the values which
ranged from 20 to 100 inch-pounds per square inch for the criti-
cal weld center area.

Results of Tests on Samples from Company F. The unwelded
panels simulating cylinder wall material had been heat treated to
yield strengths of 157,000 psi for Ti-6A1-4V alloy and 181,000 psi
for Ti-13V-llCr-3A1 alloy.. The correspondin yield strength to
density ratios were 0.97 x 106 and 1.03 x 109 inches so that both
alloys were within a few percent of the ratio of one million
inches desired for cylinder walls of lightweight rocket chambers.
At this strength-weight ratio the usual large differences in
fracture toughness between these two alloys were observed as
summarized bel~w.

Critical Crack
Tolerance Under

Thickness c. * Kc* -.Hoop Stress
ALoy (in.) (in-lb/in2) (1000 psi Vjn.) Mt

Ti-6A1-4V 0.124 1,056 132 1.82
Ti-13V-llCr-3A 0.124 296 66 0.34

The Ti-6A1-4V alloy with a crack length tolerance of almost 2t
had a fracture toughness near the optimum for a good balance
with high yield strength. With a tolerance of only l1/3t, the
Ti-13V-llCr-3A1 alloy would require extreme care in manufactur-
ing to minimize crack development from small flaws. Other tests
have shown that the toughness of all-beta alloy prcbably would
be improved if cold working were substituted for part of the
age-strengthening operation. A broader comparison of these two
alloys is given in the next section.

Kc* fracture toughness values in the weld zone of annealed
base metal for both alloys from Company F are plotted in Figure 12.
The Ti-6AI-4V panel showed consistently high toughness values in
the center and edge of the weld. This was confirmed by shear
values of 100 percent in the fast fracture (Table 5).

4
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The weld centers in Ti-13V-llCr-3AI alloy gave typical low
results. The weld edge values were better and an extremely high

value was found in specimen W-4. As shown in Figure 13, the

cause was traced to a sharply-angled juncture of heat-affected

weld zone with unaffected base metal which enabled the tough base

metal to reinforce the weld edge at the point of fracture.

The A Nc values for crack initiation in Company F samples

are listed below (from Table 5).

Average

VNc
Alloy Condition (in-lb/in2 )

Ti-6Al-4V Aged base metal 271
Ti-6A1-4V Weld center (annealed) 253

Ti-13V-llCr-3Al Aged base metal 80
Ti-13V-IlCr-3AI Weld center (annealed) 35

The advantage of Ti-6AI-4V alloy in resisting propagation of
cracks apparently also extends into the phenomena of initiation
of fracture.

Both Company A and Company F weld test results are included
with the general comparison in the next section.

Summary Review of Fracture Toughness Tests on Titanium Alloys
for Rocket Motor Cases. Two main factors will be considered in
summing up what has been learned about titanium for rocket motor
case construction. First, in cylinder wall material, the premise
is that the strength-weight characteristics should afford a ratio
(Oys/p) close to one million inches. Second, the fracture todgh-
ness in cylinder wall and in girth weld joints should be high
enough for successful fabrication and operation of the missile.
The guide used for optimum fracture toughness is the minimum
requirement of a 2t length tolerance for open cracks when circub-
ferential (hoop) stress in the wall equals the yield strength of
the material (corresponding axial stress across girth welds would
be on the order of half of the yield stress). Crack length tolerr
ance can be expressed by beta values and, for hoop stress, a beta
of 21c is equal to a 2t tolerance. In the case of girth welds
subjected to the lower axial stress, a beta of 0.9 corresponds to
a 2t tolerance (formulas are given in Appendix B).

5
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The relations of beta ratio to Uy3/P for titanium wall
material are given in Figures 14 and 15 (the numbers on the data
points refer to sources listed at the bottom of this page*). In
girth welds, thickness of the joined edges can be increased so
that annealed yield strengths (about 130,000 psi) are satisfactory
at the joint. Since strength-weight ratio is not a serious problem
at this location, the beta values of simulated girth weld tests
were plotted against only yield strength in Figures 16 and 17.

Fracture toughness results on Ti-6AI-4V sheet are summarized
in Figure 14. With a low ays/p of about 0.75 x 106 inches, the
annealed condition is not of much interest even though crack toler-
ance is large. In the solution-treated and aged condition, the
improved strength resulted in strength-weight ratios approximating
the desired value of one million inches. A beta ratio of about
2g in the high strength condition indicated a crack length tolerance
close to 2t corresponding to an optimum balance between toughness
and yield strength (reference (c)). This alloy, therefore, appears
to have both a strength-weight ratio and an optimum resistance to
crack propagation suitable for wall construction in lightweight
chambers for solid propellant rockets. The rocket casings probably
would be made by machining ring-rolled heavy cylinders. A water
quench is 4 necessary part of the heat treatment. Weld toughness
will be discussed later.

The summary results on Ti-13V-IlCr-3AI alloy for use as
cylinder wall material are given in Figure 15. From a rough
interpolation of the data it would appea. that the optimum 2t
tolerance is not obtainable above a ay&/p of about 0.9 x 106 inches.
High ays/P values of over I, x 106 inches were measured in some
tests but the corresponding crack tolerance was considerably lower
than .-t. A strengtb.-weight ratio of one million inches, being of
primary interest, will be taken as the basis for discussion. At
this strength-weight level it is obvious from Figure 15 that the
average crack length tolerance would be near one t. This t value
corresponds to a fracture toughness probably insufficient to arrest
a through crack that might grow from a small flaw under stress.

*Code for data points in Figures 14 through 17: () - reference (e),
(2) - reference (f), (3) - reference (g), (4) - reference (h),
(5) - reference i), (6) - present report, Company A, (7) - present
report, Company F.

6
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In effect, the successful use of Ti-13V-llCr-3A1 alloy should
require extreme care in material selection and chamber manufacture
in order to avoid the presence of crack-starting flaws. Experi-
mental chambers made by such a method have withstood design
pressure in hydrotest (reference (h)). 4,,tests of a cold flow-
turned and aged wall sample from a missile casing which passed

hydrotest indicated a crack tolerance of one t at a as/P
of 1.1 x 106 inches. In general, this alloy shows ptomise of
reaching high strength levels but related fracture toughness is
almost certain to be a moderate value significantly below the
optimum 2t criterion. The alloy has advantages of being formable
by cold flow turning and of being hardenable by relatively easy
heat treatment.

The seamless cylinders of high-strength titanium wall
material are joined by circumferential seam welds to each other
and to the spherical fore and aft end closures to form a rocket
chamber. Local thickening of the edges to be joined reduces
stresses operating on the weld so that the 120,000 to 140,000 psi
yield strength range of annealed or as-welded titanium alloys
meets the strength requirement. The strength-weight ratio ays/P
is not critical because of the thickened joints and of the
1:2 ratio of axial to hoop stress. The lower stress level reduces
the amount of fracture toughness required to arrest crack growth
from a small flaw so that a beta value of 0.9 corresponds to the
desired tolerance for a 2t crack length.

As shown in Figure 16, A tests of Ti-6AI-4V welds from
three sources indicated considerably more than the minimum crack
length tolerance. Provided that welds are made by. ordinary good
practice for titanium, fracture toughness of girth welds appar-
ently is not a problem in the use of this alloy for rocket chambers.

The fracture toughness results in girth welds of all-beta
Ti-13V-llCr-3A alloy are illustrated in Figure 17 based on
samples from five sources. The beta value of 0.9 required for
a 2t crack tolerance in these welds was not exceeded consistently
at any part of the yield strength range covered by the chart.
Aging heat treatment after welding to yield strength levels above
160,000 psi was obviously harmful to toughness since all of the
weld centers in this region were relatively brittle. This effect
of aging is not serious since unaged (annealed) yield strengths
are considered satisfactory with the practice of joining thick-
ened edges. Based on beta values in annealed welds, several
apparently satisfactory individual welding practices were indi-
cated. The brief sampling plan did not lead to definition of

7
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optimum welding conditions. The general characteristics of all-
beta welds have been discussed in other reports (reference (J)).
Flaw content of the weld center obviously ought to be kept low
since there is little excess of toughness above the minimum
requirement. With fracture toughness tests to establish and
control a selected welding practice, it would seem that satis-
factory welds could be made in all-beta alloy.

CONCLUSIONS

The tests of welded all-beta Ti-13V-IlCr-3Al samples supplied
by Company A indicated that the critical weld center locations met
minimum fracture toughness requirements for motor case girth welds
if left in the as-welded (annealed) conditiOni. Welds aged to
high yield strength were unsatisfactory.

Samples from Company F comparing Ti-6AI-4V and Ti-13V-IlCr-
3Al alloys showed the typical advantage of Ti-6AI-4V alloy from
a fracture toughness standpoint both in base metal aged to high
strength and in annealed welds.

Based on samples from a number of titanium manufacturers and
fabricators, it was concluded generally that Ti-6Al-4V alloy
presented no serious problems from a fracture toughness stand-
point in reaching a yield strength to density ratio of about one
million inches in rocket motor cases made by joining seamless
cylinders with thickened girth welds.

A similar survey of Ti-13V-llCr-3AI all-beta alloy samples
showed no difficulty in reaching high strength in the cylinder
wall but fracture toughness was below the optimum so that careful
manufacture would be required to eliminate flaws which might
initiate cracking. Fracture toughness for thickened girth welds
was not consistently above the minimum requirement but it was
also indicated that satisfactory girth weld practices could be
selected by tests.
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(A) Specimen 
1-3, notch at edge of Weld,fracture on left end. Gc fast

(a) Specimen 3-ra notch at edge of veld, Gc fastfracture on left end.
PHD 5412- 9- 61 ftend

CROS S EICTIOIS OF T YPWEL DS F: E G GRA r
II WELD AND IIWAT AFFECTED Z EH ED OF HOW GRA 1S

O S OF T - 13V I r. TRU CT R

:1 A 3-Ir- 3A1 ALLOy

SUPPLED 13- CUNPAIT A AALySoution treated, elded, then aged 72 hours at 900 0F
plus 5 mlnutes at 1050OF

Face of Veld at top, C", etch, X8



(A) Specimen 2-3, notch at edge of weld, G. f'atfracture on left end.

(B) Specimen 4.3, notch at edge of' weld, Gc factfracture on left end.

PHD- 56113- 9- 61
CROSS SECTIOITS OF TYPICAL WEILDS ETCHED TO SHOW GRAIN STRUCTURE

lIT WELD AIUD HEAT APFFICT3,Z ZOI7ES OF Ti.13V.llCr.3A1 ALLOY
SUPPLIED BY COMPAN. A

Solution treated and W1Clded

Face. of Veld at top, "C" etch, X8



(A) Specimen 6-2, notch at edge of weld, G. fast
fracture on left end. Small

spherical cavity (arrow)

(B) Speciimen 7-2, notch at edg;e of weld, Gc fast
fracture on left end.

PHD- 5c4lk- 9- 61 FIGURE, 11

CRCS~ S;CT Or, O TYPICAL WTELDS ETCHED TO SHOW GRAIN STRUREJ
IDT WELD A11D HEfAT AFFECTED ZONES OF Ti-13V-llCr- 3A1 ALLOY

SUPPLIED By CO1,4PANY A

£,0l11tior. tre.L-3tud; aged 72 hours at 9CO0 F then iw.elded

F-Ac . of w~l6. at top- - th X8



(A) Specimen 1-3. Solution treated, welded,
then aged 72 hours at 900F plus 5 minutes

at 10500F. (Photo, Figure 2A)

36 393 403 399 399 396 4.
.403 403 403 !I

(B) Specimen 3-4. Same heat treatment as

(A) above. (Photo, Figure 2B)

I293 307 297 299 293. 295 129

288 297 304 297 299/

(C) Specimen 2-3. Solution treated and
welded. (Photo, Figure 3A)

FIGUR 5

HARMIESS TESTS ACROSS WELDS IN TITANI1 ALLOY Ti-13V-llCr-3A1
SUPPLIED BY COMPANY A

Vickers DPH Taken 2 mm Apart, 10 Kg. Load, 18



295 295 304 304 /304 37
0707

(A) SPecimen 4-3. Solution treated SW Wlded"
(Photo,* Figure 3A

(B) Speciften 6-2. Solution treated, aged 72 hours&t 9007 then welded. (Photo, Figure 4A)

(C) Specimn 7-2. Same. heat treatment as (B) above.
(Photo, Figure 4B)

FIGUMx 6
H&RMtESS TESTS AC~ROSS WELDS IN TITAN ITm ALLOY Ti-13V-IuCr3Al

SUPPLIED BY cc4PANY A

Vickers DPH Taken 2 =m Apart,,, 10 Kg Loado X8
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WLED AS SHCWN.

FIGURE 7

TEST LAYOUT OF PANELS SUPPLIFED BY CC*{PANT F

All panels were 12 by 15 inches



A (A) Ti-6A1-4V Alloy;
hot rolled, solution

treated and aged

micro grain size
~ ~ ~ ~knumber 10. Hardness

- 375 Vickers DPH (10 kg).
"C etch,, X250.

(B) TiL-13V-UlCr-3Al alloy;
hot rolled, solution

treated and aged
condition. ASTM
micro grain size

number 1-2. Hardness
*388 Vickers PPH (10 kg).

"C" etch, X100.

PHD-56417-9-61 FIGURE 8

MICROSTRU C URE IN UIMLED~ HEAiT TREATED BASE METhTAL SAM4PLES OF
TITANIUM ALLO0YS FROM COMPffANY F

("C" etch contains 1 ml HF, 25 ml HNO 3, 3 grams Pb(N09)2
and water to make 100 cc)



(A) Ti-6A1-4V alloy, specimen W4, notch at edge of' weld,
Ge f'ast fracture on right end.

(B) Ti-13V-llCr-3-Al alloy, specimen W-4I, notch at
edge of' weld, Gc fast fracture on right end.

PH3-56415-9-61 FIGURE 9

CROSS SECTIOIIS OF TYPICAL WELDS ETCHED TEO SHOW GRAIN STRUC URE
n WELDIM TITAItJM ALLOY SAMPLES SUPPLIED BY COMPANY F

Hot rolled, annealed and welded

Face of' weld at top, "C" etch, X8



(A) Ti-6Al-4V alloy,* sPecimen W-4, (photo# Figure 9A)

29 92 27 297 283 292 304

(B) Ti-l3V-llCr-3Al nly. apecimmi W-4. (Photos Figure 9B)

FIGURE 10

H11AMESS TESTS ACR~OSS WELDS IN WELDED TITANIUM ALLOX
SAMPLES suppLIE= By COMPANT F

Vickers DPH Taken 2 jmz Apart, 10 4g oad, X3
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(A) Broken pieces of specimen W-3 cemented together show
fracture with normal Gc* value of 4*75 in-lb/in2.Fracture is entirely within fusion and heat affected

zones where recrystallization occurred.

(B) Fracture at oposite edge of same weld in specimen W-lf
gave high Gc value of 3100 in-lb/in2 . Fracture was

concentrated at section reinforced by touwh base metal
unaffected by welding heat (arrow).

PHD-5641l6-9-61 F'IGURE 13

CROSS SECTIOITS ILLUSTRAIT SOURCE OF HIGH FACTURE TOUGHLESS A-LOITG
ODE MG2 OF WELD fl-I Ti-13V-llCr-y3A1 ALLOY FOM COMvAINY F

Face of' weld at top, "0" etch, X15
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NWL REPORT NO, 1798

FRACTURE WORK FACTORS IN Xr, TESTS OF Ti-13V-IlCr-3A1 ALLOY FROMCOMPANY A AND Ti-6AI-4V AND Ti-13V-llCr-3A1 ALLOYS FROM COMPANY F

DESCRIPTION OF SAMPLES

Company A, Welded Samples of Ti-13V-llCr-3Al Alloy

Item Size, Inches Condition

1 0.125 x 12 x 13 Solution treated, welded,
then aged 72 hours at 900°F
plus 5 minutes at 10500 F.

3 0.125 x 12 x 13 Same as Item 1.

2 0.125 x 12 x 13 Solution treated and welded.

4 0.125 x 12 x 13 Same as Item 2.

6 0.125 x 12 x 13 Solution treated, aged 72 hours
at 900 0F, then welded.

7 0.125 x 12 x 13 Same as Item 6.

The welding practice was a special technique and the best avail-
able to Company A at the time (November 1960). Some spherical
cavities like the one visible in Figure 4A were observed in thesupplier's radiographic inspection. The cavities were small and
probably could be classed as acceptable scattered porosity bysoundness requirements for steel welds (MIL-R-l1468(ORD)). Notch
locations were chosen to minimize the presence of cavities in the
fracture zone and no adverse effect on 2 was detected. The
welds on these small plates were experimental; production welding
presumably would overcome the cavity problem.
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Company F, Welded and Unwelded Samples of Titanium Alloys

Alloy Size, Inches Condition Filler Wire

Ti-6A1-4V 0.125 x 12 x 15 Hot rolled, solution treated, Not welded
aged and descaled.

Ti-6AI-4V 0.125 x 12 x 15 Hot rolled, annealed and Ti-6AI-4V
descaled, welded.

Ti-13V-llCr-3A1 0.125 x 12 x 15 Hot rolled, solution treated, Not welded
aged and descaled.

Ti-13V-llCr-3AI 0.125 x 12 x 15 Hot rolled, annealed and Ti-13V-llCr-3Al
descaled, welded.

On Company F samples, the principal rolling directions are given
in Figure 7. The welding practice was a commercial type carried
out under laboratory conditions.

Tensile Properties. Base-metal properties in the welded samples
supplied by Company A are given in Table 2. Items 2 and 4 gave
typical results for solution treated material. Items.6 and 7
were somewhat variable in response to the aging treatment.
Different lots of alloy may be involved. It is customary to use
the yield strength of the adjacent base metal in calculating XC
properties of welds. Hardness test patterns across weld cross
sections indicated that an adjustment of yield strength in the
weld zone may be useful for some items.

The appearance of Ti-13V-IlCr-3A1 tensile test fractures in
Company A material can be summarized as follows.

Yield Strength
Items Level (psi) Comments

2, 4 130,000 Fibrous, nearly full shear.

6, 7 160,000 Fine granular mixed with shear.

1, 3 180,000 Nearly flat granular fracture of
fine texture.

2
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The base-metal properties of the samples from Company F are shown
in Table 3. Tensile fractures had the following appearance.

Yield Strength
Alloy Level (psi) Comments

Ti-6A1-4V 130,000 Fibrous, full shear.

155,000 Fine granular with about
60 percent shear.

Ti-13V-llCr-3AI 130,000 Coarse shear, somewhat granular

180,000 Granular with some shear at free
surfaces.

The fractures of smooth tensile tests may differ in appearance
from fractures associated with the sharp notch in the 4 test.

Fracture occurred at a distance of one-half inch or more from the
weld edge in the tensile tests of the welded samples of both alloys
from Company F. This is a good indication that, in the soft
annealed base metal, the welds developed 100 percent efficiency.

The strength-weight factors of the unwelded samples from Company F

can be rated by the ratio of yield strength to density.

P ays

Density Yield Strength Rat 0

Alloa (lb/in 3  (psi) ay/ p

Ti-6AI-4V 0.161 156,600 970,000

Ti-13V-llCr-3AI 0,175 180,700 1,030,000

These values are near the ratio of one million desired in the
cylinder wall of a rocket case.

Fracture Test Specimens. These were flat specimens three inches
wide by twelve inches long. Pin load.ng was applied to the
specimens through one-inch holes on centers 2-1/8 inches from
specimen ends. The welded panels were cut and notched as shown
in Figures 1 and 7. The transverse central notch one inch long
was prepared by grinding a starting slot and finishing with
special files in a mechanical filing machine. The notch root
radii were measured with a projector comparator. All radii were
0.001 inch or less.

4
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Fracture Characteristics in the 4 Test. Percent shear was

measured at the halfway point along 2 fast fracture. The

values are visual estimates based on examination under a low

power microscope. The appearance of the 1. fractures was

strongly dependent on the alloy type. The Ti-6A1-4V alloy from
Company F developed 100 percent shear in both welded and unwelded
tests. Lower shear values were obtained in the beta alloy,
Ti-13V-llCr-3A1 (Tables 4 and 5). The typical coarse granular
fracture in the weld zone introduced uncertainty but visual
estimates could be made within about a 5 percent tolerance. The
averages of all-beta tests were 27 percent shear at the edge and
13 percent shear in the weld center. Unusually high values of
shear (40 percent) were observed in weld edge samples 7-2 from
Company A and W-2 from Company F but none of the weld center
tests exceeded 20 percent shear.

Calculations and tc.Results. The data from the e tests are

given in Tables 4 and 5. The formulas used in calculations are
given below.

-- *: Use graph with 9 as abscissa, tan 9 as ordinate, plotted

in radians. Plot first point with ccordinates: 4, 0.. Plot
W

a ao 2
second point with coordinates: a+ --- 2. Draw straight

cys

line through points. Intersection with tan 9 curve gives e :.n

.a0 W tan e

E

The following moduli were used.

Alloy Condition E Modulus

Ti-6Al-4V ----- 16.5 x 106 psi

Ti-13V-llCr-3A1 Annealed 14.2 x 106 psi

Ti-13V-llCr-3A1 Aged 14.8 x 106 psi

6
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P P
KC* /E C*, net =(W-2a)t' -0 W

where W = width of specimen, t = thickness Of sheet,. 2a = critical

crack length from ink stain.

Beta ratio,

E 4C*
t crYS

%Nc was determined by the acoustic method described in NWL Report
No. 1779:

Nc=' tan W where a is the gross stress when the first

crack sound is heard.

Crack length calculation for Figures 14 through 17:

The beta value for critical crack propagation is defined

C E * A general formula for the half-length a of

E S *(2 ays 2 - d)

the open critical crack is a =

21c ays2 o2

The desired minimum length tolerance in units of sheet thickness
for an open crack under stress is taken to be 2t so a = t. In
the case of hoop stress a = Gys and the general formula reduces

to:

a E t

21 ays2

7
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Rearranging and substituting Pc the result is that Pc = 21

for a crack length tolerance of 2t. Under hoop stress therefore,
the beta ratio value divided by pi gives crack tolerance in units
of sheet thickness (Figures 14 and 15).

In the case of axial stress across a girth weld, a in the
general formula becomes aYS/2 with the result:

a 7E = t
2 t Cys

2

Factoring out PC , PC = 0.9 for a crack length tolerance of 2t,

or 0.45 for It. Dividing beta value by 0.45 gives the crack
tolerance in units of thickness for girth welds under axial stress
(Figures 16 and 17).

8
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